Carnitine palmitoyltransferase 2 (CPTII) deficiency is among the most common inborn errors of mitochondrial fatty acid ␤-oxidation (FAO). Clinical phenotype varies in relation to the metabolic block, as assessed by studies of FAO in patient fibroblasts. Thus, fibroblasts from patients with mild manifestations have appreciable residual CPTII enzyme activity, in contrast to those from severely affected patients. In the present study, we hypothesized that the hypolipidemic drug bezafibrate, acting as an activator of the peroxisome proliferator-activated receptor ␣ might stimulate FAO in CPTII-deficient cells. Data obtained show that bezafibrate treatment of mild-type CPTII-deficient cells resulted in a time-and dose-dependant increase in CPTII mRNA (from ϩ47% to ϩ66%) and residual enzyme activity (from ϩ54% to 135%), and led to normalization Abbreviations FAO, mitochondrial fatty acid ␤-oxidation CPTII, carnitine palmitoyltransferase 2 CPTI, carnitine palmitoyltransferase 1 PPAR␣, peroxisome proliferator-activated receptor ␣ LCFA, long-chain fatty acid CPTII (EC 2.3.1.21) deficiency (OMIM: 600650) is one of the most common inborn error of FAO (1, 2). CPTII plays a pivotal role in the transport of LCFA into the mitochondria. Indeed, LCFA, which cannot readily cross the mitochondrial membranes, are transferred from the cytosol to the mitochondrial matrix through the sequential action of CPTI and CPTII, located in the outer and inner mitochondrial membranes, respectively. CPTI and CPTII catalyze the trans-esterification of long-chain acyl-CoA into long-chain acylcarnitine in the cytosol, and the reverse reaction in the mitochondrial matrix, respectively. This acylcarnitine shuttle is completed by the action of the carnitine/acylcarnitine translocase. In the mitochondrial matrix, fatty acids are oxidized to acetyl-CoA through the four steps of intra-mitochondrial ␤-oxidation leading to ATP production. CPTII deficiencies have been divided into three major clinical forms (1, 3). The mild form consists in recurrent attacks of rhabdomyolysis, usually triggered by prolonged exercise, fasting, or infections in teenagers. Life-threatening complications, e.g. acute renal failure and respiratory insufficiency, occasionally occur during episodes of rhabdomyolysis. The severe form of CPTII deficiency is characterized by acute liver failure with hypoketotic hypoglycemia and serious cardiac damages in the neonatal period or infancy. Finally, an intermediate juvenile form with hepatic, cardiac, and myopathic involvement has also been described. The clinical severity is usually related to the severity of the metabolic block (2). The severe neonatal form of CPTII deficiency is generally associated with extremely low levels of residual enzyme activity in the patient's fibroblasts, whereas a significant residual enzyme activity is detected in the milder form (1, 4). Owing to the possible occurrence of life-threatening events that can barely be prevented by classical dietary approaches (fat-restricted diet, medium-chain triglyceride supply), pharmacological agents able promoting mitochondrial FAO might be of help for management of CPTII-deficient patients. 
CPTII (EC 2.3.1.21) deficiency (OMIM: 600650) is one of the most common inborn error of FAO (1, 2) . CPTII plays a pivotal role in the transport of LCFA into the mitochondria. Indeed, LCFA, which cannot readily cross the mitochondrial membranes, are transferred from the cytosol to the mitochondrial matrix through the sequential action of CPTI and CPTII, located in the outer and inner mitochondrial membranes, respectively. CPTI and CPTII catalyze the trans-esterification of long-chain acyl-CoA into long-chain acylcarnitine in the cytosol, and the reverse reaction in the mitochondrial matrix, respectively. This acylcarnitine shuttle is completed by the action of the carnitine/acylcarnitine translocase. In the mitochondrial matrix, fatty acids are oxidized to acetyl-CoA through the four steps of intra-mitochondrial ␤-oxidation leading to ATP production. CPTII deficiencies have been divided into three major clinical forms (1, 3) . The mild form consists in recurrent attacks of rhabdomyolysis, usually triggered by prolonged exercise, fasting, or infections in teenagers. Life-threatening complications, e.g. acute renal failure and respiratory insufficiency, occasionally occur during episodes of rhabdomyolysis. The severe form of CPTII deficiency is characterized by acute liver failure with hypoketotic hypoglycemia and serious cardiac damages in the neonatal period or infancy. Finally, an intermediate juvenile form with hepatic, cardiac, and myopathic involvement has also been described. The clinical severity is usually related to the severity of the metabolic block (2) . The severe neonatal form of CPTII deficiency is generally associated with extremely low levels of residual enzyme activity in the patient's fibroblasts, whereas a significant residual enzyme activity is detected in the milder form (1, 4) . Owing to the possible occurrence of life-threatening events that can barely be prevented by classical dietary approaches (fat-restricted diet, medium-chain triglyceride supply), pharmacological agents able promoting mitochondrial FAO might be of help for management of CPTII-deficient patients.
Bezafibrate is one of the fibrate group of hypolipidemic drugs that have long been proven efficient in the treatment of hypertriglyceridemia in human and have protective effects on cardiovascular risks (5) . Fibrates act as activators of a nuclear receptor, the PPAR␣ that trans-activates several genes involved in lipid and lipoprotein metabolism (5, 6) . Several lines of evidence suggest that fibrates up-regulate the expression of gene encoding mitochondrial enzymes (5, 6) . For this reason, we hypothesized that bezafibrate could possibly improve LCFA oxidation in fibroblasts of CPTII-deficient patients by increasing residual CPTII enzyme activity. Here, we show that this compound restored mitochondrial FAO in cultured skin fibroblasts of CPTII-deficient patients.
METHODS
Patients. All studies were approved by the Institutional Review Board and fibroblasts studies were conducted with informed consent. Patients 1-4 had a typical mild form of CPTII deficiency, with recurrent attacks of rhabdomyolysis, triggered by prolonged exercise and/or fasting and/or viral episodes (7) . Patients 5 and 6 suffered from a severe neonatal form of CPTII deficiency with hypoketotic hypoglycemias, hepatomegaly, hypertrophic cardiomyopathy, and heart beat disorders; these two patients were unrelated (7). CPTII deficiency was ascertained by enzymatic assay on cultured skin fibroblasts (8) and CPTII mutations were identified in all six patients, as described in detail previously (7) . Fibroblast culture. Human skin fibroblasts from controls and CPTII-deficient patients were cultured as previously described (9) . Briefly, fibroblasts were routinely cultured in Ham's F10 media with glutamine, 12% fetal bovine serum, 100 units/mL penicillin, and 0.1 mg/mL streptomycin. The cultures were incubated in a humidified CO 2 incubator (5% CO 2 , 95% air) at 37°C. Bezafibrate was dissolved in DMSO. When ready for treatment, the media were removed and the cells were subsequently incubated with fresh media containing bezafibrate or the equivalent amount of DMSO (vehicle).
LCFA oxidation measurement in fibroblasts. Fatty acid oxidation was measured by quantitating the production of 3 H 2 O from (9,10-3 H) palmitate or (9,10-3 H) myristate as described previously (9) . Briefly, the fibroblasts were trypsinized, counted, plated (6 ϫ 10 4 cells per well in 24-well microplates) and allowed to grow for 4 d. Tritiated water release experiments were performed in triplicates. Cultured fibroblast layers were washed three times with Dulbecco's PBS. Then, 200 L of PBS containing 100 M 9,10(n)-3 H) palmitic or 100 M myristic acid (60 Ci/mmol, PerkinElmer Life Science Products) bound to fatty acid-free albumin were added per well; there was no bezafibrate in this assay medium. Incubation was carried out for 2 h at 37°C. In some experiments, 2 mM L-aminocarnitine (CPTII inhibitor) or 100 M antimycin (NADH cytochrome c reductase inhibitor) were added to the incubation media. After incubation, the mixture was removed and added to 200 L of cold 10% trichloroacetic acid. The tubes were centrifuged for 10 min at 2200 ϫ g at 4°C and aliquots of supernatants (350 L) were removed, mixed with 55 L of 6 N NaOH, and applied to ion-exchange resin. The columns were washed twice with 750 L of water and the eluates were counted. Fibroblast proteins were determined by the Lowry method (10). Palmitate or myristate oxidation rates by fibroblasts were expressed as nanomole of Real-time quantitative PCR. Total RNA was isolated from fibroblasts using the TriZol reagent according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, U.S.A.), treated with DNAse I (Ambion, Austin, TX, U.S.A.) and quantified using the SYBR Green I kit from Roche Diagnostics (Mannheim, Germany). The real-time quantitative PCR (RTQ-PCR) was performed using a LightCycler instrument (Roche Diagnostics) according to the manufacturer's instructions. RTQ-PCR primers (Table 1) were designed using the sequences available in GenBank and spanned an intron/exon boundary. Gene expression levels were compared in fibroblasts treated with either vehicle or bezafibrate for 24 h. The amounts of CPTII and PPAR␣ mRNA were normalized to the amount of ␤-actin mRNA measured by RTQ-PCR in each sample. The results of RTQ-PCR are given in arbitrary units and expressed as fold changes in mRNA levels in cells treated with bezafibrate, relative to vehicle-treated controls. (Fig. 1) . Bezafibrate induced a dose-dependant increase in 3 H-palmitate oxidation rate. This increase was found statistically significant at a concentration of 100 M bezafibrate or above, and the maximal stimulatory effect (observed at 800 M; ϩ66% compared with vehicle-treated cells) resulted in the restoration of normal palmitate oxidation in the CPTIIdeficient fibroblasts.
RESULTS

Effects of various concentrations of bezafibrate on fatty acid oxidation in CPTII-
Effects of bezafibrate on fatty acid oxidation in three CPTII-deficient fibroblasts. The effects of bezafibrate (400 or 800 M) were then tested on both 3 H-palmitate and 3 Hmyristate oxidation in fibroblasts from controls and patients 1-3. In control cells, 400 or 800 M bezafibrate induced similar stimulation of 3 H-palmitate or 3 H-myristate oxidation (ϩ40%, p Ͻ 0.001 compared with vehicle-treated fibroblasts; Fig. 2 ). Bezafibrate also resulted in a marked increase of FAO in CPTII-deficient fibroblasts. Indeed, palmitate and myristate oxidation of fibroblasts from patients 1-3 treated by 400 M bezafibrate was 1.7-, 1.8-, and 1.9-fold higher than vehicle- Figure 3 shows that bezafibrate induced a time-dependant stimulation of 3 H-palmitate oxidation starting from 6 h, which reached a maximal level after 24 h, and then remained constant from 24 to 72 h. The overall increase in 3 H-palmitate induced by 800 M bezafibrate (2-fold) was similar to that observed in previous experiments.
Effects of mitochondrial inhibitors of fatty acid oxidation. Experiments using specific inhibitors were then performed to ascertain that bezafibrate specifically impacted on mitochondrial FAO. Figure 4 shows that oxidation of 3 H-palmitate in fibroblasts from patient 3 was completely abolished by Laminocarnitine, a specific CPTII inhibitor. Similarly, there was no tritiated water release in the presence of antimycin, a respiratory chain inhibitor, demonstrating that palmitate is entirely oxidized by mitochondrial ␤-oxidation, without contribution of the peroxisomal pathway.
Effects of bezafibrate on fatty acid oxidation in "mild" and "severe" CPTII-mutations. The effects of bezafibrate were then tested on cultured skin fibroblasts of six patients carrying various CPTII mutations (Fig. 5) . Patients 1-4 carried "mild" missense mutations in exons 1/3 (patient 1), exons 3/4 (patients 2 and 3), or exon 3 only (patient 4), whereas patients 5 and 6 carried a homozygous "severe" missense mutation in exon 4 of the CPTII gene (7) . The residual FAO in vehicle-treated fibroblasts ranged from 50 to 70% of control values in patients 1-4, whereas it was Ͻ10% of controls in patients 5 and 6. After a 3-d exposure to 800 M bezafibrate, fatty acid oxidation by fibroblasts from patients 1-4 was similar to controls, but remained unchanged in patients 5 and 6.
Effects of bezafibrate on CPTII activity. In control fibroblasts, CPTII enzyme activity was raised from 0.77 to 1.03 nmol 14 C-PalCar/min/mg protein (ϩ34%, p Ͻ 0.001), in response to bezafibrate (800 M for 3 d). Exposure of mild-type CPTII-deficient cells to bezafibrate resulted in a significant increase in enzyme activity, ranging from ϩ54 to ϩ135% compared with vehicle-treated cells. Yet, these CPTII activities measured in treated patient cells (0.32 Ϯ 0.01 nmol 14 CPalCar/min/mg protein, n ϭ 3) remained significantly lower than control values (Fig. 6) .
Effects of bezafibrate on CPTII and PPAR␣ transcript levels. Quantitative PCR analysis showed that bezafibrate induced largely comparable increases in CPTII transcripts in control and patient cells (1.47-to 1.66-fold), and the differences between bezafibrate-treated and vehicle-treated cells were highly significant (p Ͻ 0.001; Table 2 ). Furthermore, bezafibrate stimulated PPAR␣ gene expression 1.39-to 1.94-fold (p Ͻ 0.01) in control and patients fibroblasts, respectively. 
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DISCUSSION
The present study reports on the increase of fatty acid oxidation by bezafibrate in cultured skin fibroblasts of CPTIIdeficient patients. The stimulatory effects of bezafibrate were time-and dose-dependant and led to a full restoration of LCFA oxidation in mild-type CPTII deficiency. Because the effects of bezafibrate were related to an increased residual enzyme activity, they were observed in "mild-type" CPTII deficiency (with significant residual enzyme levels) but not in "severe" CPTII deficiency (with extremely low residual enzyme activity). Thus, correction of FAO flux by bezafibrate involved stimulation of mutated CPTII enzyme expression, rather than indirect compensatory mechanisms.
It is worth noting that restoration of FAO by bezafibrate was not associated with full restoration of CPTII activity. These findings are in keeping with previous studies showing that CPTII enzyme activity is in great excess in normal human cells (1, 11) . Accordingly, drastic reduction of FAO observed in the severe form of the disease, is only noted when residual CPTII activity is Ͻ10% of control value (1, 11) . Interestingly, heterozygous parents of severely affected patients, exhibiting about 50% CPTII activity, have normal ␤-oxidation flux in fibroblasts, and are asymptomatic (11) . This is consistent with the present data, which suggest that the threshold of residual CPTII activity needed to support maximal fatty acid oxidation flux is around 40% of normal enzyme activity. 
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Quantitative PCR showed that bezafibrate induced a significant increase in CPTII mRNA. Bezafibrate has been previously shown to stimulate gene expression of ␤-oxidation enzymes after specific binding to its nuclear receptor, PPAR␣ (5, 6) . The underlying mechanism involves binding of activated PPAR␣ on specific DNA sequences called PPAR response elements (PPRE), leading to stimulation of gene transcription (5) . PPRE have been identified on the 5'-flanking region of human CPTI muscular isoform (CPTI-␤) (12, 13), which plays a key role in the transport of long-chain acyl-CoA within the mitochondria, and of human medium-chain acyl-CoA dehydrogenase (MCAD) (14) , which catalyzes the initial step of mito- 
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chondrial medium-chain fatty acid ␤-oxidation. Accordingly, regulation of CPTI-␤ and MCAD gene expression levels by the PPAR signaling pathway has been shown to occur in rodents (12, 14 -16) and humans as well (17) . PPAR␣ null mice exhibit low steady-state levels of CPTII mRNA (18) , and administration of PPAR␣ agonists fails to stimulate CPTII gene expression in these knockout mice (19) . Furthermore, our results are consistent with the recent identification of a PPRE in the 5'-flanking region of the human CPTII gene (20) , and suggest that control of CPTII gene by PPAR␣ operates in human skin fibroblasts.
In conclusion, this study brings the first data indicating that bezafibrate can correct FAO in CPTII-deficient human cells. Correction by bezafibrate was obtained similarly in cell lines harboring four different "mild" CPTII genotypes. It would be interesting to extend this study to other genotypes responsible for mild CPT2 deficiency (7) , and eventually to assess the putative effect of intragenic polymorphisms (21) on the response to bezafibrate, for a given CPT2 genotype.
Finally, several other ␤-oxidation defects are known to present with significant cell residual enzyme activity (2) , and expression of most corresponding genes has been shown to be PPAR regulated (5, 6) . Screening possible effects of PPAR agonists could thus provide a new and valuable way to develop cell therapy models for these orphan diseases and assess their potential applications for clinical use. Total RNA were isolated from human fibroblasts and quantified by real-time quantitative (RTQ) PCR as described in "Material and Methods." Gene expression levels in cells treated with 800 M bezafibrate for 24 h relative to vehicle (DMSO)-treated cells are presented as means Ϯ SE from three to four different experiments. In each experiment, RTQ-PCR were run in duplicate.
* p Ͻ 0.001 for all results compared with DMSO-treated fibroblasts.
BEZAFIBRATE CORRECTS CPTII DEFICIENCY
